The effects on immune cells and the inflammatory microenvironment of commonly applied cancer treatments (chemotherapeutic or biologic agents, interventional radiologic procedures) have become better appreciated. Likewise, the contribution of the immune system toward the effectiveness of these treatments is clearer. The relevance of immune evasion by developing tumors is endorsed by its inclusion as one of the (updated) hallmarks of cancer. A greater understanding of this dimension can potentially lead to novel applications of existing standard of care therapies, in addition to potentiating their effect. This review summarizes the immune aspects of currently employed therapies-cytotoxic chemotherapeutics, biologic agents and interventional radiologic procedures-in solid tumor malignancies with a particular focus on those agents used in gastrointestinal cancers.
introduction
Recent decades have brought undoubted advances in understanding the molecular events driving tumor growth. These events -mainly aberrant activity through a particular signal transduction node or activating mutations-have resulted in much-heralded treatments, often termed 'targeted therapies'. The underlying assumption has been that cancer is driven by deranged signaling, and that the most effective treatments will be those which best interrupt signaling, causing a direct antitumor effect. Increasingly, however, 'off target' effects of agents have been appreciated, particularly their effects on immune cells and the inflammatory microenvironment. In addition, the role of the immune system in enabling cancer cell death caused by chemotherapy has been appreciated to the extent that in certain situations, it may be the major determinant of efficacy. For example, it has been noted by many investigators across multiple murine cancer models that tumors respond better to treatment when implanted in an immunocompetent as opposed to immune-deficient host [1] .
A greater understanding of the immune effects of treatments can lead to novel applications of existing standard drugs, in addition to potentiating their effect. In time, this will also help us decide how best to combine standard treatments with the immunotherapies in development and which are showing promise [2] [3] [4] [5] [6] . Appreciation of the role in developing tumors of immune evasion is evidenced by its inclusion as one of the (updated) hallmarks of cancer [7] .
No immune-based therapy has been approved in gastrointestinal (GI) cancer, although it should be remembered that in colon cancer two of the much-heralded, targeted therapeutic approaches-anti-VEGF and anti-EGFR treatment-are antibodies with a capacity, through their Fc portion, to activate the immune system. This review summarizes the immune aspects of standard-of-care therapies in GI malignancies and discusses future applications.
chemotherapy-induced cytotoxicity requires an intact immune system
The traditional paradigm for drug development in oncology dates from early successful attempts to treat germ cell tumors and lymphomas, whereupon combination regimens were employed to counteract drug resistance. It seemed to make sense that for these regimens a maximally tolerated dose be established. In this approach, the immune system is seen as a barrier to giving higher drug dosages, the main limiting toxicities being haematologic. However, there is gathering evidence that certain chemotherapeutics can activate rather than suppress the immune system, and that a robust immune response is a necessary component determining tumor response [8] .
While it is beyond the scope of this review to summarize our knowledge of tumor immunology, it is worth reviewing some basic immunological concepts. Tumors can be recognized by the adaptive immune system, which consists of B and T cells as well as the innate immune system (NK cells). Cytotoxic CD8 + T cells recognize specific tumor antigens presented as peptides on MHC class I molecules (MHC class II in the case of CD4 + T cells). In order to prime a CD8 + T-cell response, professional antigen-presenting cells such as dendritic cells need to pick up antigens from dying tumor cells and present them with the support of CD4 + helper T cells to CD8 + T cells, a mechanism called 'cross-priming', believed to occur in the lymph node.
Finally, cytotoxic CD8 + T cells travelling through the blood stream can kill tumor cells (Figure 1 ). Tumors have developed multiple mechanisms of evading immune responses, both by forming a suppressive microenvironment containing macrophages, regulatory T cells and myeloid-derived suppressor cells (MDSCs). They secrete cytokines with various functions, including IL-10, TGF-β and other. Finally, molecules important for the function of CD8+ T cells such as PD1, CD28 can be affected by tumors.
Drug-induced cell death itself triggers an immune response [9] . It was demonstrated in the 1970s that an intact immune system was required for the antitumor effect of anthracyclines [10] . Chemotherapy causes apoptotic cell death, which can be immunogenic [10] . The resultant antigen release has been shown to activate T cells [11] . A requirement for this is calreticulin and phosphatidylserine exposure on the cell surface of the dying cell [12, 13] . Further, Apetoh et al. demonstrated that release of a protein called HMGB1which acts as a ligand for toll-like receptor (TLR)-4, promoting dendritic cell activation-is a necessary supplement to this initial signal [14] . Intriguingly, these authors also report that in breast cancer patients undergoing anthracyclinebased chemotherapy, the presence of a polymorphism in TLR4-and by implication a less immunogenic drug-induced cell death -was associated with an inferior prognosis.
specific chemotherapeutic agents
Commonly used chemotherapeutic reagents either directly affect T cells, antigen-presenting cells or mechanisms associated with immunosuppression such as Tregs or MDSC [15] (Figure 2) . A limited number of chemotherapeutics have demonstrated efficacy in the treatment of GI cancers, and there is considerable overlap in their use across cancer subtypes. Table 1 summarizes the main chemotherapeutics used in GI oncology and the evidence regarding their immune-mediated effects.
gemcitabine
The immune effects of gemcitabine have been studied perhaps more than for any other drug used in GI cancer. Gemcitabine is a nucleoside analog that is part of the standard treatment of pancreatico-biliary malignancies [16, 17] . Its effects on the immune system are diverse. Nowak et al. [18] demonstrated that while treatment of tumor-bearing mice with gemcitabine resulted in massive depletion of lymphocyte numbers, this disproportionately affected B cells. Cellular immunity-as measured by in vitro T-lymphocyte recall responses to hemagglutinin-was enhanced. Treatment of tumor-bearing mice with gemcitabine increased cross-presentation of antigen to CD8 cells resulting in their increased proliferation and functionality [11] . Furthermore, apoptosis primed the host for a strong antitumor response, resulting in markedly decreased tumor growth upon challenge. Similarly, Liu et al. demonstrated that gemcitabine causes an increase in MHC-I expression in tumor cells, resulting in increased killing by T cells [8] . As cytotoxic T-cells are MHC-restricted, tumors lacking this antigen may become undetectable to immune cells. Furthermore, the authors found that T-cell function, as indicated by increased proliferation, was enhanced as supernatants derived from tumors treated with chemotherapy augmented dendritic cell (DC) [8] . It has also been suggested that chemotherapy agents such as gemcitabine may expand the immune response to lesser, subdominant epitopes [19] . In addition to these direct effects, gemcitabine enhances immunogenicity indirectly by alleviating the suppression of the antitumor immune response. MDSCs are a heterogenous population comprising immature myeloid cells, which suppress the effector response [20] [21] [22] [23] . We and others have shown that they are elevated in GI-as well as other cancers-where they contribute toward a suppressive network allowing evasion of the antitumor response [20] . Mundy-Bosse et al. showed that elevated MDSCs in a murine adenocarcinoma model reduced immune responsiveness to interferon, and that responsiveness could be restored by gemcitabine [24] . Similarly, Suzuki et al. found that gemcitabine selectively reduced the number of MDSCs found in the spleens of tumor-bearing mice, with no significant reductions in T cells, NK cells, macrophages or B cells. The loss of MDSCs was accompanied by increased antitumor T-cell activity. Likewise, Vincent et al. [25] observed that the treatment of tumor-bearing mice with gemcitabine was selective for MDSCs.
The effect of gemcitabine on the immunity of patients has been less clearly elucidated. Daikeler et al. [26] found that in patients (n = 16) treated with gemcitabine, T-and B-cell populations were relatively unchanged, as were CD4:CD8 ratio and NK cells. Plate et al. found that, in patients undergoing gemcitabine treatment, although there was an initial decrease in the absolute lymphocyte numbers, this stabilized on subsequent treatments [27] . Potential applications of gemcitabine in immune-based approaches have been shown in a number of studies. Yanagimoto et al. [28] evaluated the safety and clinical/immune responses of combining peptide vaccination with gemcitabine in patients with pancreatic cancer. Boosting of cellular/humoral responses to the vaccinated peptides was observed in the majority of patients tested, with some clinical activity which correlated with immune response. A similar example of the potential immune-based role for gemcitabine was shown by Beatty et al. who combined it with a CD40 agonist with impressive clinical activity [29] .
oxaliplatin
Oxaliplatin is a standard treatment option in GI cancer [30, 31] . Similar to gemcitabine, Liu et al. observed that treating tumors with oxaliplatin resulted in immune activation [8] . This derived not from effects on T cells but rather through effects on antigen presenting cells. Unlike gemcitabine, however, the mechanism for oxaliplatin did not appear to be related to MHC upregulation [8] . The investigators found that culturing DCs in the supernatant derived from tumor cells exposed to oxaliplatin augmented DC maturation. These DCs also manifested improved function, causing an increase in the proliferation of T cells when co-cultured. These results suggest pre-treatment with oxaliplatin can be immune-stimulatory, potentiating DC function [8] . Oxaliplatin was shown to induce immunogenic cell death in various cell lines through the production of HMGB1 by dying cells [14] . This process was dependent upon TLR-4 [14] . The investigators further evaluated oxaliplatin as an inducer of immunogenic cell death in a colon cancer model [1] . Treatment with oxaliplatin acted as a vaccine, inoculating the mice against subsequent challenge. Interestingly, this immunogenic cell death was not seen with cisplatin despite the cells being sensitive to this drug. Of note, cisplatin is not considered an active drug in colon cancer. Immunogenicity appeared to be mediated through calreticulin expression which was produced more efficiently in oxaliplatin-treated tumors and was subsequently abolished by the administration of HMGB1-neutralizing antibodies corroborating the importance of the HMGB1-TLR4 axis suggested in the earlier publication. Of clinical relevance, the authors went on to evaluate the effect of TLR4 polymorphisms in colon cancer patients treated with standard of care oxaliplatin. Patients bearing a normal TLR4 allele manifested an increased progression-free survival and overall survival, compared with patients bearing the loss-of-function allele of TLR4. The possibility of this being a predictive marker of oxaliplatin benefit rather than simply being prognostic was suggested by an analysis of TLR4 polymorphism in stage II patients-for whom oxaliplatin would not be given-in whom the presence or absence of the polymorphism made no difference.
Oxaliplatin may also affect the immunesuppression orchestrated by growing tumors. Lesterhuis et al. found that this may be via the PD-1/PD-L pathway. Initially, these investigators found that DCs exposed to oxaliplatin displayed enhanced T-cell stimulatory capacity, an observation not explained by analysis of MHC expression or costimulatory molecules. They did find, however, that the expression of PD-L2 (and to a lesser extent PD-L1) was profoundly reduced, resulting in enhanced antigen-specific proliferation as well as enhanced recognition of tumor cells by T cells [32] . Further evidence for a possible immune-adjuvant role for oxaliplatin was seen in a colon cancer model where intra-hepatic IL-12 injection-known to stimulate T-lymphocytes and NK cells-was combined with oxaliplatin. The authors found that the combination treatment achieved more efficient elimination of liver metastases and improved protection against tumor rechallenge compared with either treatment alone [33] . Oxaliplatin was associated with a shift in the tumor microenvironment (increased CD8+/Treg ratio, reduction in MDSC). The authors concluded that the addition of oxaliplatin appeared to enhance the immune response against tumors by tipping the balance between effector and regulatory/ suppressor cells in favor of effector cells.
irinotecan
There are less data in support of an immune aspect to the efficacy of irinotecan. In an early study, Melichar et al. found an increase in CD4 and CD8 cells with irinotecan in patients who were lymphocytopenic at baseline [34] . No functional studies were carried out. [35] demonstrated that irinotecan-as part of the FOLFIRI regimen-improved the proficiency of DC vaccination by inhibiting the immunosuppressive environment. They employed a DC vaccine transduced with vector encoding CEA. The addition of FOLFIRI to the DC vaccine increased the tumor-specific immune response, as evidenced by an increase in the number of CEA-specific IFN-γ-secreting lymphocytes compared with vaccine alone. The proposed mechanism was the effect on suppressor cells. FOLFIRI treatment caused a lowering of MDSC and Tregs but with a later rebound. The addition of the vaccine lessened this rebound effect.
5-FU
5-Fluorouracil (5-FU) has been the pre-eminent chemotherapeutic in GI oncology since the 1950s and is the backbone agent in modern colorectal cancer regimens. In addition to its directly cytotoxic actions, 5-FU appears to have specific immune effects. Vincent et al. [25] found that 5FU had an even stronger ability than gemcitabine in selectively depleting MDSC in tumorbearing mice. The net effect was an increase in IFN-γ production by tumor-specific T cells. Despite this evidence of immune activation-and in contrast with oxaliplatin-5-FU did not trigger immunogenic cell death: calreticulin was not upregulated and the antitumor activity was TLR4-independent. The authors concluded that the 5FU immune effect is mediated mainly by its action on MDSC, establishing an important principle whereby immune activation can occur by ameliorating suppression of anti-tumor immunity. Similarly, Ugel et al. evaluated the effect of 5-FU on improving the effect of a passive immunotherapy model at sub-therapeutic doses [36] . The transfer of T cells into fibrosarcoma-bearing mice had no effect on tumor regression, unless it was preceded by treatment with 5-FU.
taxanes
Paclitaxel (Taxol) has demonstrated efficacy in esophageal cancer and-in its albumin-bound formulation-pancreatic cancer, while docetaxel (Taxotere) is a standard option for gastric cancer [37] [38] [39] . Immune effects have been demonstrated for this drug class. Tsavaris et al. [40] found that IL-6, GM-CSF and IFN-γ levels all increased following either taxane, as were results of functional assays. Garnett et al. [41] found that docetaxel enhanced CD8+ function in a tumor model known to be docetaxel-resistant. Combining docetaxel with a vaccine resulted in enhanced immune responses and also broadening of the immune response to antigens distinct from the vaccine (so-called antigen cascade).
Zhu et al. [42] reported that paclitaxel selectively decreased Tregs. Similarly, Kodumudi et al. found that, in tumor-bearing mice, docetaxel decreased MDSC [43] . With this reduction in suppressor cells, there was an increase in the percentage of CD4/ CD8+ T-cells in the spleens of animals treated with docetaxel compared with controls and an increase in T-cell activation. The investigators proceeded to determine if enhanced T-cell function was due to loss of suppressive capacity in MDSCs by pre-treating with docetaxel. Interestingly they found that not only did the docetaxel-treated MDSC lose their suppressive ability, they actually became stimulatory. An increase in CTL responses was seen which the authors concluded was accomplished via MDSC modulation. Ramakrishnan et al. tested cancer vaccination and adoptive T-cell transfer in combination with chemotherapy in mice. Paclitaxel made tumor cells more susceptible to the cytotoxic effect of CTLs through a dramatic increase in their permeability [44] .
chemotherapy combinations
While it is important to delineate as much as possible the immune effects of individual chemotherapeutics, the reality is that most drugs are used in combination, particularly in the first-line setting. Few studies have studied the net effect on the immune system for drug combinations, much less tailored regimens specifically.
The standard colorectal cancer regimens (FOLFOX/ FOLFIRI) were evaluated by Maeda et al. with regard to their immune consequences, at least in terms of quantitative changes [45] . The authors found that Tregs were significantly reduced in those who had high baseline levels, with no change in the relative proportion of CD4, CD8 or NK cells. Other investigators have shown that oxaliplatin/ irinotecan/5-FU combinations can be given to patients with vaccines without abrogation of the immune response [46, 47] .
Correale et al. [48] developed the GOLF regimen (comprising gemcitabine, oxaliplatin, leucovorin and 5-fluorouracil) based on preclinical evidence of immunogenicity. They proceeded to test this clinically, combining the regimen with GMCSF and IL-2 to enhance immune stimulation [49] . The regimen was active and clinical autoimmunity occurred in six patients, in whom the outcome was significantly better.
anti-EGFR therapy
Cetuximab and panitumumab have been shown to be active in colorectal cancer and trastuzumab has efficacy in gastric cancer [50, 51] . While the original assumption was that these therapies functioned as signal transduction inhibitors, it is also to be remembered that, as antibodies, they can activate the immune system through their Fc portion. It is also noteworthy that small-molecule EGFR inhibitors-which are not antibodies and lack the IgG1 backbone-have not been shown to have efficacy in colon cancer despite excellent EGFR inhibition.
A number of preclinical studies have shown the ability of cetuximab to induce antibody-dependent cell-mediated cytotoxicity (ADCC) [52] [53] [54] , a mechanism by which NK cells lyse target cells, which have a specific antibody bound to their surface through a Fc receptor dependent mechanism. Similar properties have been described for trastuzumab [55] . Failure to do this, as a result of Fc-Receptor polymorphisms for example, has been shown to be clinically relevant in patients with irinotecan-refractory colorectal cancer treated with cetuximab [56] .
Typically, cetuximab is given in combination with chemotherapy. For its immune effects, sequencing may be important, however. Correale et al. [57] found that EGFR expression in colon cancer cells was upregulated after exposure to chemotherapy, and that this was followed by enhanced susceptibility to ADCC, a mechanism independent of k-ras. Cetuximab promoted cancer cell opsonization and phagocytosis by DCs. This suggests an involvement of CTL-dependent immunity in cetuximab anticancer effects [58] . These data have implication for trial design, suggesting that the sequence of administration is important in priming the immune response. It also implies a role for anti-EGFR therapy even in the presence of kras mutations based on an entirely different mechanism.
Based on these considerations, these investigators developed a rational colorectal chemo-biologic regimen comprising gemcitabine, irinotecan and 5-FU, followed by cetuximab administered on day 3 [59] . PBMC from patients undergoing standard of care FOLFOX was used as control. In the experimental arm, the authors found several changes in immune subsets relative to control in addition to an increase in CEA-and thymidylate synthase-specific CTL precursors.
The role of EGFR tyrosine kinase inhibitors is less prominent in GI malignancies than for other cancers, although erlotinib is FDA approved for pancreatic cancer. The immune effects of these treatments are less clear, although part of the adverse effect profile of erlotinib-including hepatitis as well as interstitial lung disease and, rarely, Stevens-Johnson syndrome-has been reported to be immune-mediated. Luo et al. [60] demonstrated that erlotinib inhibits T-cell-mediated immune responses, and that this immunosuppressive activity was likely a result of inhibition of Raf/ ERK cascade and Akt signaling in T cells.
anti-VEGF therapy
Over the past decade, various treatments have been approved in GI cancer whose putative mode of action is inhibition of vascular endothelial growth factor (VEGF) [61, 62] . The dominant hypothesis regarding anti-VEGF therapy has been that it remodels tumor vasculature and enhances drug delivery [63] . Maximizing dose to achieve this, however, has not improved outcome. Efforts to move anti-VEGF therapy into the adjuvant setting have failed [64] . But it has also become apparent that pro-angiogenic factors play an integral role in maintaining an immunosuppressive tumor microenvironment. For example, VEGF stimulates inhibitory myeloid cells and Tregs in addition to producing immunosuppressive cytokines [65] [66] [67] . Pro-angiogenic factors suppress immune cell function [68, 69] . Counteracting this modulates the immune environment, enhancing antitumor immunity [70, 71] .
Clinically, the data are suggestive. In lung cancer patients post-resection, low tumor cell VEGF-A/VEGFR-2 expression in combination with high CD4/CD8 expression in tumor-related stroma was a strong and independent prognostic marker [72] . VEGF expression inversely correlated with DC numbers in tumors of gastric cancer patients [73, 74] . VEGF-Trap-a fusion protein which binds all isoforms of VEGF-A-significantly increased the proportion of mature DCs, albeit with no improvement in immune responses [75] . A subset analysis of this study in cancer patients did reveal improvement in immune responses in those who had no increase in MDSC, implying that any positive effect by anti-VEGF therapy was overwhelmed by the presence of MDSC. Similarly, Osada et al. showed a decrease in immature progenitor cells (known to be immunosuppressive [76] ) and a modest increase in DCs in the peripheral blood of 41 patients with lung, breast and colorectal carcinomas [67] .
Dose is important, however. Huang et al. evaluated the effect of differing doses of anti-VEGF therapy on two ostensibly separate biologic processes: vascular normalization and immune activation [69] . They employed an anti-VEGFR2 antibody in both immune-tolerant and immunogenic breast cancer models. They found that anti-VEGF therapy combined with tumor vaccination inhibited tumor growth, but only when the anti-VEGF therapy was given at 25% of the dose. Lower dosage resulted in a reduction in MDSC infiltration compared with higher dose, in addition to polarizing macrophages toward immunostimulative capacity and promoting T-cell infiltration. The lower anti-VEGFR2 dose increased the distribution of functional vasculature compared with higher doses. In other words, this important paper synchronized the two major theories regarding VEGF inhibition: that they normalize the chaotic tumor vasculature and alleviate the immunesuppressed microenvironment.
It is unclear what, if any, immune effects contribute to the effect of small-molecule inhibitors of VEGF, such as sorafenib or regorafanib. Both are multikinase inhibitors with a plurality of targets, including VEGF. Multiple immune effects have been reported with sorafenib, but the net effect is unclear. Sorafenib inhibits DC function while also reduces the induction of antigen-specific T cells [77] . Similarly sorafenib inhibits NK cell effector function [78] . But sorafenib also inhibits immunosuppressive cells in kidney cancer patients, and preoperative treatment significantly reduces the percentage of tumor-infiltrating Tregs [79] . It appears likely that this effect on MDSC is indirect [80] .
future directions
Recent years have seen validation of efforts to shape an immune response against cancer. Clinical activity has been seen not only in renal cancer and melanoma-diseases long considered immunogenic-but also prostate cancer and, provisionally, colorectal and lung cancers [5, 6] . The advantages of immune-based treatments are clear: long-lasting responses; lack of resistance; generation of memory; less non-specific toxicity. Yet, immunebased approaches do not work in everyone or in every disease. Efforts to expand both the range of responding patients and the range of 'immuno-susceptible' tumors are likely to require combined approaches. This review summarizes the immune effects of commonly used chemotherapeutics. In all cases-even the therapeutic antibodies-development focused first on direct antitumor effect and according to convention maximizing dose. Schedules were developed based on tolerability. As we have discussed, however, these conventional treatments have immune effects. There is now considerable evidence that these treatments can facilitate or provoke an antitumor immune response independent from the antitumor effect.
If immune effects become a major consideration in the development of a particular regimen, the dose necessary for immune modulation is likely to be different and lower, meaning greater flexibility in schedule. Metronomic therapy-the chronic administration of chemotherapeutic agents at low doses-has long been an experimental approach, with its major effects felt to be antiangiogenic as a result of targeting endothelial cells. However, this method of administration has also been shown to have immune effects [81, 82] . Metronomic therapy also activates the immune system by promoting DC maturation [83] .
The modern clinical trial should incorporate this type of knowledge into its design, either fundamentally by altering the standard dose and schedule or as a correlative aim by collecting PBMC to carry out prospective immune monitoring. The TLR polymorphism data with regard to oxaliplatin [1] demonstrate that important information can be generated in a study that has no overt immune intent. A related aim is to better identify serologic markers of immunity, which are good surrogates for efficacy. While there is a hierarchy of sorts (eg antigen-specific responses presumed better than quantitative changes), no marker is uniformly employed. On the developmental side, novel agents need to be evaluated in immune competent mice and off-target effects investigated. Rational combinations may be at doses considered sub-optimal according to the traditional cytotoxicity assays. A significant barrier to progress is the difficulty of combining novel agents from competing industry partners. Immune considerations may provide a new or expanded role for agents previously considered inactive in a particular setting. Imaginative clinical trials are needed which will balance the direct anticancer effects of conventional therapies with immune considerations. Accomplishing this will achieve the maximal biologic effect of the treatments we already have and better exploit the immune therapies in development.
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